ABSTRACT Data on Stark widths of spectral lines are of high interest for astrophysics and analytical techniques of stellar plasma diagnosis. Stark widths of 43 spectral lines of Sn i and 27 spectral lines of Sn ii has been measured in a laser-induced plasma ( LIP) at an electron temperature of 11,000 K and an electron density of 1:1 ; 10 16 cm
INTRODUCTION
Profiles of spectral lines of Sn i and Sn ii are of interest in the diagnostics of cosmic plasma. Data on Stark widths are relevant not only for atomic structure research, but also for astrophysics and analytical techniques of plasma diagnosis.
Accurate and extensive atomic data are the key to eliminating the uncertainties in astrophysical models, thereby allowing the real nature of observed sources to be determined. Ultraviolet spectra acquired with the Goddard High Resolution Spectrograph (GHRS) aboard the Hubble Space Telescope (HST ) are fundamental for the understanding of interstellar space. Singly ionized tin was first detected (in several stars: 15 Mon, 23 Ori, Sco, 1 Sco, and Oph) through absorption in the 1400.45 8 line by Hobbs et al. (1993) . Sofía et al. (1999) determined the gas-phase interstellar abundance of the Sn ii in the diffuse clouds toward 14 stars. Hobbs et al. indicates that future GHRS observations and identifications of several weaker lines of Sn ii as the 1757.90 8 line can be used to corroborate the identification of the 1400.45 8 line. Photospheric lines of tin are observed in ultraviolet spectra of HD 149499B obtained with the Far Ultraviolet Spectroscopy Explorer (FUSE ) and the GHRS (Chayer et al. 2005) .
The application of laser ablation for analysis of a solid sample is one of the most important applications of laser-induced plasma (LIP). The interaction of a high-power laser beam with solid samples generates plasmas on the surfaces of the targets with high temperatures and electron densities. From the experimental point of view, LIP has proved to be a valuable source of spectroscopic data for neutral and ionized species, as can be seen from several recent works (see, e.g., Alonso-Medina et al. 2003; Harilal et al. 2005; Alonso-Medina & Colón 2007) .
Stark broadening of neutral and singly ionized tin have been the subject of several experimental and theoretical studies (Miller et al. 1979; Hey & Breger 1980 , 1981 Lakićević 1983; Lakićević & Purić 1983; Purić et al. 1985; Dimitrijević & Konjević 1986; Djeniže et al.1990 Djeniže et al. ,1992 Djeniže et al. , 2006 Martínez & Blanco1999; Konjević et al. 2002; Kieft et al. 2004 Alonso-Medina et al. 2005 ). Both theoretical and experimental studies are relevant.
In this paper, Stark widths of 43 spectral lines of Sn i (34 are the first experimental data in the literature) and 27 spectral lines of Sn ii (9 are the first experimental data in the literature) are measured. The results obtained are compared with available experimental and theoretical values.
In the present experiment, a LIP was used as a spectral source. Experimental working conditions of stability and homogeneity of electron density and temperature in the plasma were determined by means of a study of the temporal evolution in different environmental conditions and target composition. The present measurements were carried out with a lead target of 75% lead purity and 25% tin purity placed in an argon atmosphere at 6 torr 2.5 s after each laser light pulse. The local thermodynamic equilibrium ( LTE) assumption is discussed in the analysis of our experimental working conditions. We describe in x 2 the experimental system used for LIP and the emission spectrum studied. The results and conclusions obtained are given in x 3, and the conclusions are in x 4.
PROCEDURE

Experimental Setup
The experimental system is similar to that described in recent works (Alonso-Medina et al. 2003; Alonso-Medina & Colón 2007 ) and was carried out by emission of a plasma generated by focusing a laser beam on samples of Sn and Sn-Pb alloy.
A chamber is used to generate the plasma in a gas atmosphere. After a vacuum of 10 À5 torr had been attained inside the chamber by means of a turbo-molecular pump, it was filled with argon and maintained at a pressure of 6 torr throughout the measurement, using a small continuous flow of gas to maintain the purity of the atmosphere. In this way the temperature, the electron density, and the temporal evolution of LIP could be controlled.
Samples were located inside the chamber, on top of a device capable of moving it horizontally with respect to the laser beam, focused in such a way that the plasma was formed in each measurement on the smooth surface of the target and not on the crater formed during the previous measurement. A lens with focal distance of 12 cm was used to focus on a target a Nd : YAG laser beam that generates 275 mJ pulses of 7 ns duration at frequency of 20 Hz and 10640 8 wavelength. The laser irradiance on the blank was 1:4 ; 10 10 W cm
À2
; the diameter of the standard crater was 0.5 mm. The light emitted by the LIP was transmitted through a sapphire window to the input slit of a 1 m Czerny-Turner spectrometer provided with a 2400 groove mm À1 holographic grating. The resolution of the spectroscopic system was 0.3 8 in the first order.
Spectra were recorded and analyzed between 1890 and 7000 8 by a time-resolved optical multichannel analyzer (OMA III) that allows the recording of spectra at a preset delay from the laser pulse and with a selected time length. Spectra were obtained at a 2.5 s delay from the laser pulse, and light was collected during 0.1 s synchronous with the electronic trigger of the laser Q-switch. In each data acquisition period a correction was made with regard to the dark signal in the absence of the LIP. The instrumental profile of the line was determined with a precision of 97%, the instrumental width (FWHM) being 0.11 8 for a wavelength of 3000 8.
To calibrate the spectral response of the system in the wavelength range studied, 1890Y7000 8, a deuterium lamp was used for the 1800Y4000 8 range, and a tungsten lamp was used for the range 3500Y7000 8. The optical device contribution to the total broadening of the spectral line (the instrumental profile) was predetermined by observation of various narrow lines emitted by hollow cathode lamps. The spectra were stored in a computer for further analysis, which was made by fitting the observed line shapes to numerically generated Voigt profiles.
The same experimental system was used to study the homogeneity of the plasma, but in order to have spatial resolution, the light was focused by means of a lens on a 1 mm light guide that was able to select the point of the plasma from which the light emission was observed. Measurements were taken by scanning the plasma emission in two perpendicular directions to determine where the different atomic species were located in the plasma and to determine the real values of the parameters of the plasma. Local profiles were obtained after Abel inversion of the integrated values. The fitting of the observed profiles provides the total intensity very accurately as well as the broadening of the spectral lines.
In our experimental conditions all the tabulated transitions for the Sn i and Sn ii spectrum can be observed, as can those of the Pb i and Pb ii and some of Ar i and Ar ii. Various emission spectra were recorded in order to obtain the relative intensities with regard to a statistical uncertainty of 3%.
Data displays in the present work have been obtained with a sample of 25% tin purity and 75% lead purity. For contents of this order, no branching ratio dependence on concentration has been observed. In Figures 1 and 2 we present sections of typical spectra.
RESULTS AND DISCUSSION
When LTE conditions can be applied, the population of the linked states follow a Boltzmann distribution, which can be used as a first approximation to determine the temperature and the electron density (Griem1974; Bekefi1968). In optically thin plasma the relative intensities, I ij , of the lines emitted from a given state of excitation can be used to calculate the electron temperature, if the A i j transition probabilities are known, by the expression
where, for a transition from a higher state i to a lower state j, I i j is the relative intensity, E i and g i are the energy and statistical weight, respectively, of level i, U (T ) is the atomic species partition function, N is the total density of emitting atoms, k is the Boltzmann constant, and T is the temperature. If we were to plot ln (I i j /giA i j ) versus E i , the Boltzmann plot, the resulting straight line would have a slope À1/kT , and therefore, the temperature can be obtained without having to know the total density of atoms or the atomic species partition function. The energies of the different levels are those of Moore (1958) . The plasma temperature has been determined by means of several Boltzmann plots using the spectral lines and transition probabilities displayed in Table 1 . For Sn i, the electron temperature obtained was 10;900 AE 500 K, as can be seen in Figure 3 . With Sn ii, an electron temperature of 11;050 AE 300 K was found. With some lines of Pb ii, an electron temperature of 11;000 AE 300 K was obtained. These values are totally compatible and are close to 11,000 K. The electron density, N e , of the plasma investigated has been obtained by comparing the Stark broadenings for several transitions with those of others authors (see Table 2 ) using the expression by Milosavljević & Poparić (2001) ,
where ! is the full width at half-maximum (FWHM ) of the transition considered and obtained at the density N e expressed in cm À3 , ! p is the Stark broadening parameter ( FWHM ) for the density 10 16 cm À3 , A is the ion-broadening parameter, and N D is the number of particles in the Debye sphere, which must be in excess of the lower limit N D ¼ 2 of the Debye approximation for correlation effects. In our measurements we have assumed that A is negligible (Konjević 1999) .
The electron densities obtained from the Stark broadening may be considered reliable, because the other broadening mechanism considered in this study accounts for 3% of the total broadening value. The value of the electron density was obtained using in the last equation the experimental values of the Stark broadening parameter ! p (normalized to an electron density of 10 16 cm
À3
) displayed in Table 2 for Sn i, Sn ii, and Pb ii transitions.
With the exceptions of the values obtained with the parameters contributed by Djeniže et al. (2006) , the remaining values result in an averaged electron density of (1:1 AE 0:2) ; 10 16 cm
. The results obtained with the parameters of Djeniže et al. (1992, Purić et al. (1985) . (Thorne 1988 ). In our experimental conditions the value of the optical absorption coefficients are negligible.
In this work the spectroscopic analysis of the LIP emission provides experimental Stark broadening parameters for 43 spectral lines (34 are new values) of Sn i and 27 spectral lines (9 new values) of Sn ii. Tables 3 and 4 show the results of our experimental data of FWHM parameters normalized to an electron density of 10 16 cm
. The corresponding errors include uncertainties in the instrumental profile and statistical errors after an average of several spectra with a total of about 10 laser shots. The possible error due to the experimental uncertainty in the density of electrons in this study is also included. Columns (1)Y(3) denote the corresponding transition array, the multiplet, and the wavelengths (in angstroms), respectively, for each studied transition. Stark electron temperatures are indicated in column (4). Column (5) compiles our experimental Stark parameters, the experimental values of other authors, and in Table 4 our theoretical values calculated in a previous paper .
As can be easily seen, all the experimental data determined in this work agree with that previously available, with the exception of the values presented by Djeniže et al. (2006) . In these cases a remarkable difference exits. As can also be seen and expected, our theoretical values agree with the experimental results obtained in the present work, with some relative discrepancies.
CONCLUSIONS
We report 43 experimental values for Stark width ( FWHM ) of Sn i spectral lines and 27 for Stark width ( FWHM ) of Sn ii, using the laser-induced plasma. Optical emission spectroscopy was used to characterize the LIP from a lead and tin target in an argon atmosphere. Time-and space-resolved measurements of electron density and temperature have been carried out. At a 2.5 s delay time from the laser pulse, there are adequate experimental conditions to measure the atomic parameters of Sn i and Sn ii. The homogeneity of plasma has been studied, and a temperature of 11,000 K and an electron density close to 1:1 ; 10 16 cm À3 has been obtained. No self-absorption effects have been detected. This work has been supported by the project CCG06-UPM/ FI-229 of the Technical University of Madrid (UPM ). Support to the lines of UPM investigation groups included in the IV Plan Regional de Investigación Científica e Innovación Tecnológica (PRICIT) of the Comunidad Autónoma de Madrid (CAM), Spain.
